The lean blowout (LBO) limit plays a critical role in the operation of gas turbine combustors. In order to achieve the quick prediction of the LBO limit, three major prediction tools for the LBO limit, i.e. the semi-empirical correlation, the numerical prediction method and the hybrid prediction method are proposed. The semi-empirical correlations are mainly based on the characteristic time (CT) model and the perfect stirred reactor (PSR) model. The semi-empirical correlations based on the PSR model are widely applied. Among these correlations, Lefebvre's LBO model that had been validated on 8 different aero gas turbine combustors with the uncertainty ±30% is the most successful. Later, many researchers did further studies to improve Lefebvre's LBO model. The numerical prediction methods are reported increasingly with the rapid development of the computing power. Up to now, some researchers validated the numerical prediction methods in 2 different combustor configurations with the prediction uncertainties about ±25%. More studies are required to validate the effects of the combustor configurations and the atomization performances on the LBO limit. The hybrid prediction methods try to combine the semi-empirical correlations with the numerical methods and are widely attempted in recent years. Many researchers have studied the numerical based hybrid method, which needs more validations and general criterions for different configurations and operating conditions. Other researchers have studied the semi-empirical based hybrid method, which has shown good agreement for 11 different combustor configurations with the prediction uncertainties about ±16%. Further improvements are required for all prediction tools to achieve more general and accurate predictions for the LBO limits of gas turbine combustors.
INTRODUCTION
One of the primary requirements of a gas turbine combustor is that the combustion must be maintained over a wide range of operating conditions. This is especially true for the aero engine combustors [1] . The LBO limit, i.e. the lower limit of the stable operating condition, is a critical parameter for the operational envelope of the gas turbine engine [2] . The occurrence of the LBO in both aero and industrial gas turbine combustors would lead to fatal accidents. So the LBO must be avoided during the operation of gas turbine combustors.
It is customary to obtain the LBO limit by conducting a series of extinction tests at a wide range of the predetermined pressures and temperatures. These tests together with relevant manufacture, assembly, adjustment and design iteration require a long time and huge amounts of costs. So Epstein, the vice president of Technology & Environment -Pratt & Whitney, proposed that researchers of combustors should develop the first principle-tools (i.e. physical-based tools) to enable better quantitative predictions for key metrics of the combustor performance [3] .
The design of combustors is deficient in physical-based tools due to the complexity of combustion. Based on the existing theories, analytical correlation could not be obtained. So a promising way is to obtain physical-based semi-empirical correlation. The semi-empirical correlation to predict the LBO limit could be categorized as the characteristic time (CT) model and the perfect stirred reactor (PSR) model.
The numerical prediction methods are reported increasingly with the rapid development of the computing power. URANS and LES are the major numerical methods for the LBO limit prediction.
Based on the development of both the semi-empirical correlation and numerical prediction method, some researchers proposed the hybrid prediction method to combine these two methods.
This paper provides a review of the quick prediction of the LBO limit for gas turbine combustors.
SEMI-EMPIRICAL CORRELATIONS

Characteristic Time Model
The basis of semi-empirical correlations based on CT model is the Damköhler (Da) number. The Da number is applied to relate the chemical reaction timescale to the transport phenomena rate occurring in a system [4] . The early study on the flame stabilization by the bluff body was done by Zukoski and Marble [5] based on CT model. Subsequently, Plee and Mellor [6] improved the CT model and make it available for swirl-stabilized combustors.
ZUKOSKI AND MARBLE
Zukoski and Marble [5] studied the flame stabilization by the bluff body. They proposed that the burning zone is the shear layer and the recirculation zone provided heat and free radicals to the shear layer. During the time that the unburned mixture passes through the shear layer, if the mixture could be ignited, the flame could be stabilized; conversely, the flame would be blowout.
For homogeneous mixtures, the LBO limit could be expressed as
T and B are the shear layer mixing time, the ignition delay time, the characteristic size of the bluff body, the annular velocity of the flow past the bluff body, the reference velocity, the shear layer temperature, the inlet temperature and the blockage ratio, respectively.
PLEE AND MELLOR
Plee and Mellor improved Zukoski and Marble's model. They proposed a correlation that contains three characteristic times to determine the LBO limit of the bluff body, i.e. where eb τ and a are the droplet evaporation time and a constant weighting factor, respectively. If the shear layer mixing time is larger than the sum of the ignition delay time and the droplet evaporation time, the flame could be stabilized; conversely, the flame would be blowout. Based on the LBO experimental data of J85, T63 and AGT1500, the LBO limit for gas turbine combustors is ( ) 
LONGWELL'S PSR MODEL
Longwell et al. [7] suggested that the recirculation zone behind a bluff body could be assumed as a perfect stirred reactor (PSR). The schematic of Longwell's PSR model is shown in Figure 1 . The assumptions in this model are: 1) all inlet air flow was involved in fuel mixing and combustion at LBO; 2) the turbulent flame filled the whole combustor at LBO. Based on the above physical model, the combustor could be seen as a PSR. The final form of Lefebvre's LBO correlation could be expressed as 2 0 1.3 3 3 exp( / 300)
In Eq. (5), the first, second and third terms are the functions of the combustor design, the combustor inlet conditions and the relevant fuel-dependent properties, respectively.
Lefebvre's LBO correlation had been validated on 8 different aero gas turbine combustors. The uncertainty of Eq. (5) is about ±30% for prediction.
THE IMPROVEMENTS OF LEFEBVRE'S LBO MODEL
Some researchers tried to improve Lefebvre's LBO correlation to achieve better prediction accuracy. Mongia et al. [10] [11] [12] 
The above improvements can achieve high prediction accuracy but in limited combustor figurations. FLAME VOLUME LBO MODEL Considering that Lefebvre's LBO model could not embody the effects of variations of the combustor configurations upstream dilution holes on the LBO, Huang et al. [15] proposed Flame Volume (FV) LBO model. They made some new physical assumptions based on flame observation: 1) The fuel and air were well stirred in the combustion zone (turbulent flame zone) due to strong swirl; 2) The inlet air flow was divided into two parts: one part, i.e. the fraction of dome airflow and part of the liner airflow, was involved in combustion; the other was involved in dilution downstream; 3) Except the dome airflow, the remaining airflow entered the liner uniformly along the circumferential and axial direction, and the fraction of liner airflow involved in combustion is proportional to the size of turbulent flame zone. The schematic of the physical model of FV LBO correlation is shown in Figure 3 . The FV LBO correlation could be expressed as ( )
where α and β are the mass fraction of the combustor dome airflow involved in combustion and the non-dimensional flame volume, respectively. These two parameters could embody the effects of the variations of the dome components and the primary zone configurations on the LBO. The prediction uncertainties of the FV LBO correlation are about ±15% in 25 different combustor configurations. The FV LBO correlation could achieve better prediction accuracy and ensure the generality for prediction of various configurations of combustors.
Based on the existing scientific literatures, only a few of researchers studied the semi-empirical correlations based on the CT model. A series of studies have been done on the semi-empirical correlations based on the PSR model. Among these correlations, Lefebvre's LBO model is the most successful model which is widely used in the quick prediction of the LBO limit. Lefebvre's LBO model could reveal the effects of the combustor design, the combustor inlet conditions and the relevant fuel-dependent properties on the LBO limit. Lefebvre's LBO model had been validated on 8 different aero gas turbine combustors and the uncertainty is ±30% for prediction. Later, many researchers did further studies to improve Lefebvre's LBO model.
NUMERICAL PREDICTION METHODS
In recent years, numerical simulations are widely applied to study the LBO of gas turbine combustors.
Menon et al. [16] [17] [18] from Georgia Institute of Technology applied LES to study the LBO of the swirl stabilized premixed flame and the bluff body stabilized premixed flame. Their results showed that LES could capture the detailed flow field including the flame stretching and its effect on flame propagation near the LBO. But not all relevant scales of eddies involved in flame extinction could be resolved, especially the eddies that are important for local flame quenching.
Kim et al. [19] assessed the accuracy of LES on simulating the turbulent reacting flows behind a bluff body flame holder. They selected seven equivalence ratios (Φ=0.0, 0.52, 0.6, 0.7, 1.0, 1.4, 1.62) for simulations. Their simulation results showed that only the conditions whose equivalence ratios are 0.52 and 1.62 agreed well with the experimental results. Under the conditions with other equivalence ratios, the deviations between the simulated and the experimental results are rather large.
The numerical prediction methods are reported increasingly with the rapid development of the computing power. Up to now, some researchers validated the numerical prediction methods in 2 different combustor configurations with the prediction uncertainties about ±25%. But more studies are required to validate the effects of the combustor configurations and the atomization performances on the LBO limit.
THE HYBRID PREDICTION METHOD FOR THE LBO LIMIT
The hybrid prediction methods are the major methods to quickly predict the LBO limit for gas turbine combustors. Generally speaking, the hybrid prediction methods could be divided into two types, i.e., the numerical based and the semi-empirical based hybrid prediction methods. For the numerical based hybrid prediction method, each micro volume in the computational domain is regarded as a combustor. The semi-empirical correlations are applied in these micro volumes as the criterions to determine whether the local LBO occurs or not. Then, put these local LBO results together by some criterion to make a global LBO prediction. For the semi-empirical based hybrid prediction method, an improved semi-empirical correlation for the LBO prediction is required to combine with the detailed flow field. Numerical simulations are applied to obtain the detailed flow field. Then, the key model parameters could be obtained from the detailed flow field and the final global LBO limit is predicted by the semi-empirical correlations.
Numerical Based Hybrid Prediction Method
Based on the semi-empirical correlations, i.e. PSR or CT models, the hybrid prediction method for the LBO limit could be mainly classified into two types.
For the first type, the semi-empirical correlations based on the PSR model are applied in the numerical simulation. The representative work was achieved by Mongia et al [13] . Mongia et al. proposed the multidimensional models combined with semi-empirical correlations to predict the LBO limit. The application of the multidimensional models combined with semi-empirical correlations needs previous fabrications and experiments. This method could not be applied to predict the LBO limit of combustors that is designing and optimize the configurations.
For the second type, the semi-empirical correlations based on the CT model are applied in the numerical simulation. The representative work on this topic was conducted by Kiel et al. [20] [21] . The most distinctive characteristic of this method is selecting the Damköhler (Da) number as the stability criteria of flame. Kiel et al. proposed a method by combining reduced order models and CFD to predict the extinction of flames behind the bluff bodies. They suggested that the local Da number should be used as the criteria.
The Semi-Empirical Based Hybrid Prediction Method
The representative work on the semi-empirical based hybrid prediction method for the LBO limit prediction was achieved by Huang et al. [22] [23] . The FV LBO correlation, i.e. Eq. (7) could just be applied in the LBO analysis rather than prediction due to the lack of FV. In order to use the FV LBO correlation for prediction, numerical simulations are needed to obtain the FV.
There are mainly two kinds of ideas to obtain the FV by the numerical simulation. The first idea to obtain the FV is by extracting some intermediate parameter in the non-reacting flow field and use correlations to calculate the FV [24] [25] . The second idea to obtain the FV is by extracting the FV directly from the reacting flow field [26] . Critical temperature is selected as a criterion to determine the flame zone.
The hybrid prediction methods are widely attempted in recent years. With the development of the semi-empirical correlations and the numerical prediction methods, the hybrid prediction methods could be further improved. Many researchers have studied the numerical based hybrid methods, which needs more validations and general criterion for different configurations and operating conditions. Other researchers have studied recently the semi-empirical based hybrid methods, which have shown good agreement for 11 different combustor configurations with the prediction uncertainties about ±16%.
CONCLUSIONS
This paper reviews the existing prediction tools for the LBO limit of gas turbine combustors, including the semi-empirical correlation, the numerical prediction method and the hybrid prediction method.
The semi-empirical correlations are mainly based on CT and PSR model to predict the LBO limit. Only a few of researchers studied the semi-empirical correlations based on the CT model and few relevant papers could be found after Plee and Mellor's work. A series of studies have been done on the semi-empirical correlations based on the PSR model. Among these correlations, Lefebvre's LBO model is the most successful model which is widely used in the quick prediction of the LBO limit. It could reveal the effects of the combustor design, the combustor inlet conditions and the relevant fuel-dependent properties on the LBO limit. Lefebvre's LBO model had been validated on 8 different aero gas turbine combustors with the nominal uncertainty about ±30%. Later, many researchers did further studies to improve Lefebvre's LBO model.
The numerical prediction methods are reported increasingly with the rapid development of the computing power. Up to now, some researchers validated the numerical prediction methods in 2 different combustor configurations with the prediction uncertainties about ±25%. But more studies are required to validate the effects of the combustor configurations and the atomization performances on the LBO limits.
The hybrid prediction methods are widely attempted in recent years. Many researchers have studied the numerical based hybrid method, which needs more validations and general criterions for different configurations and operating conditions. Other researchers have studied the semi-empirical based hybrid method, which has shown good agreement for 11 different combustor configurations with the prediction uncertainties about ±16%.
In summary, further improvements are required for all prediction tools to achieve more general and accurate prediction for the LBO limits of gas turbine combustors.
